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ABSTRACT 
A Metal-Semiconductor-Metal contact on low joped semiconductor forms 
back-to-back Schottly barriers with planar structures that can easily be designed 
and tuned as a high speed photodetector . The structure is also co111patible with 
MESFET technology, so tl1at it offers si111pler fabrication steps tlia.11 tlic p-i-n 
photodiodes and APDs for optoelectronic integrated circuits . GaAs lnterd-igita,ted 
Metal-Se1niconductor-Metal (IMSM) photodetectors were fabrica.ted a.nd ]- \! 
characterized . The 100 µm length interdigitated structures \Vere of d iffercn t 
spacin·gs and various widths ranging from 2 µ.n1 to .5 11111 • Ph<)t.c>c11rre11t cd' ;., f<'\\. 
succesful devices unde.r broad spectrum illumination increased rapidly at bi.a.s 
voltage larger than 5 V demonstrating effective S\Veepi11g of l)h<.)toca.rricrs gc11c·r,11cd 
in regions distant from the surface and the hole barrier lower'i ng effect . 
• 
l 
• 
I. INTRODUCTION . 
In recent years, progress has been made in monolithic microwave integrated 
circuits (MMICs) and optoelectronics . The demands on microwave devices and the 
reliable processing of monolithic integration has made MMICS. a newly established 
technology . This technology uses mostly MESFETs as the active devices with 
GaAs and some other 111-V compounds as the material choice . Emerging at nearly 
the same time, optoelectronics • IS now rapidly growing due to success 
implementation of fiber optics in communication links, the invention and 
development of Laser Diodes, and the maturity of the monolithic process 
technology in creating advanced structures . Wide bandwidth and freedom from 
electromagnetic interference of fiber optics results • ID its usage wherever 
communication systems need to expand their carrying capacity or new wide 
bandwidth communication systems need to be established . The long distan·ce and 
exchange network of telephone service in the United States and some other 
countries have made advantage of the merits of optical fiber for years . These 
lightwave guides are also going to replace the old twisted copper wires which have 
long been used in connection between remote terminals and telephone subscribers 
[1] . This replacement will possibly eventually discard coaxial cable for carrying 
television service to homes . For comparison, the coaxial cable can carry channels 
with bandwidth up to 550 MHz over a distance of 1 kilometer, whereas the optical 
fiber can achieve TeraHertz bandwidth . This optical link would also offer the 
possibility to add more information services such as two-way video service and high 
definition television, which require wide bandwidth, along with the regular service . 
Digital methods have been implemented to multiplex and demultiplex voice, data 
and video signals into or from optical fiber system . Recently, a group from GTE 
Laboratory proposed a microwave multiplexing system for processing broadband 
signals in optical fiber . communications as a less expensive alternative than the 
digital method [2] . Local area networks (LANs) and multiprocessor networks are 
also environments where fiber optics is found to be best for applications if high 
speed is a concern . Fiber optic has also been proposed for control and process in 
microwave system such as phased-array radar due to its high speed and immunity 
of EMI performance [3,4] . 
2 
These succesful implementations are not possible if the appropriate optoelectronic 
' 
devices are not readily available . These devices are, used to construct 
phototransmitter, photoreceiver and photorepeater, the subsystems of the fiber 
optic link . The phototransmitter converts the electrical signal and sends the optical 
signal into the optical fiber, and the photoreceiver receives and converts the optical 
signal from the optical fiber to an electrical signal . The photorepeater combines 
both functions to reamplify the optical signal in a long distance fiber optic link . In 
the phototransmitter, the conversion is done by a laser diode or a light emitting 
diode (LED), whereas in the receiver, the conversion process is handled by a 
photodiode or a photoconductor . The laser diode and light emitting diode were 
invented in 1960s, and the photoconductors and photodiodes were invented even 
earlier . The laser and light emitting diodes can serve high speed signal conversion 
in a broadband or high speed fiber optic network, but the conventional photodiode 
has a high speed cut-off . The modification of conventional p-n junction 
photodiodes brings about p-i-n photodiodes or avalanche photodiodes which then 
fulfill the high speed operation in fiber optic links . The p-i-n photodiode and 
avalanche photodiode for high speed fiber optics, which might be constructed from 
. 
either III-V compounds, Ge or even Si materials, have additional structure 
compared to a p-n junction [5,6] . The p-i-n photodiode has an intrinsic (i)~layer 
sandwiched between the p and n layer {fig. 1.1.a) and the avalanche photodiode 
may involve the same structure but is operated at higher voltage to produce the 
impact ionization effect . The high field in the i-layer of the p-i-n photodiode is to 
reduce the transit diffusion times of the photocarriers . · 
I 
I I 
I I 
I I 
I l I 
I I 
I 
(a) 
'-------,__....- In P 
'epoxy 
p·-Cd diffused layer 
' 
"' ' 
~--_,........... 
n-lnGaAsP 
n- InP second layer 
n:.. In P first layer 
~~__.--Au-Zn 
n+ -lnP substrate 
(b) 
Fig.1.1. Structure of (a) p-i-n photodiode and typical structure 
of III-V alloy (b) avalanche photodiode . 
3 
I· 
11 
·, 
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The noise factor in the avalanche photodiode, APD, is reduced by employing a 
special structure to create a large difference between the ionization coefficient of the 
electrons in the conduction band and the holes . A higher hole barrier in the 
valence band or a different graded gap will result in a larger ionization coefficient 
ratio for electrons and holes, therefore reducing excess noise . The avalanche 
photodiode also employs different layers for the absorption and multiplication 
processes in order to improve sensitivity (fig.1.1.b) . These techniq,ues all require 
relatively long and complex processing steps . 
In the beginning, the photoreceiver, phototransmitter and photorepeater were 
constructed with discrete devices, but, recently, optoelectronics integrated circuit 
(OEICs) are replacing the discrete ones (7] . The OEICs are inherently superior due 
to lower parasitic reactances . A typical OEIC receiver integrates a p-i-n 
photodiode or an APD with MESFETs (fig. 1.2.) [8], though several manufacturers 
recently started to use high electron mobility FET (HEMT) or heterojunction 
bipolar transistors . To integrate the photoreceiver requires tens of processing steps · 
which need to be performed due to different layer dopings and mesa etchings 
between the p-i-n photodiode or APD and the MESFETs as well as additional 
epitaxial layer growth . The process incompatibility of the p-i-n photodiode and 
the MESFET, which leads to increased process complexity, might result in low 
yield and cosiderable cost . 
zn~diffused region 
GaAs 
n-type In 5,3Ga.4,As 
lnP 
lnP 
Resistor 
Photodetector Transistor 
Fig.1.2. Typical integration of a p-i-n photodiode with a MESFET . 
4 
A planar photodetector was recently proposed in search of simple process for high 
• performance OEICs . This is an interdigitated metal semiconductor metal (IMSM) 
which is actually back-to-back Schottky diodes . The planar metal electrodes can be 
deposited simultaneously with the MESFET gate during the fabrication process of 
the photoreceiver . These metal electrodes need only be deposited on the buffer 
layer of the GaAs MESFET as shown in fig.1.3., therefore eliminating additional 
mesa processing, epitaxial growth and some doping processes for the photodetector 
[9,10] . 
IMSM .. 
~ 
JMSM 
I 
(a) 
G-
I 
MESFET 
i 
LINOOPE.I> (io As 
SI - GaAs SUBSrR~rE 
(b) 
D 
n- foAs 
~ 
Fig.1.3. Integration of tl1e i11 terdigitated metal-semiconductor-metal 
photodiode and MESFET (a) topview (b) cross section . 5 ' 
/ 
GaAs IMSM photodetectors have already shown high speed response [11, 12, 
13, 14] and wide bandwidth (15] for 0.8 µm wavelength . InGaAs IMSM 
photodetectors have also yielded fast response in the 1.3 µm - 1.5 µm wavelength 
(16, 17], operating region of long distance fiber optics . The high speed response is a 
result of low capacitance Schottky electrodes and close spacing between the 
electrodes . Micron scale dimensions of the IMSM can be achieved by present 
photolithographic lift-off techniques . However, the responsivity of the IMSM 
photodiode is somewhat lower than the APD or the p-i-n photodiode due to the 
shadowing effect of the metal pattern . Modification of the absorption layer by 
J introducing another layer in · addition to the original active layer has shown 
enhancement of the sensitivity . As an example, introduction of an Au nucleus on 
the free surface of the GaAs IMSM photodetector can increase sensitivity by ten 
times but with a sacrifice of the response speed (18,19] . 
This thesis reports the fabrication and 1-V characterization of Interdigitated 
Metal Semiconductor Metal Photodetectors . The MESFET compatible process and 
the possibility of integrating and implementing IMSM photodetectors for 
microwave systems as well as use of the IMSM structure as a microwave device are 
described . The IMSM photodetectors with various electrode width and spacing 
were fabricated in the Microwave Device Laboratory at Lehigh . The fabrication 
was employing conventional contact mask aligner, wet lithography and thermal 
evaporation . Aluminum was deposited by using tungsten-filament evaporation, on 
low doped Si slices ( for monitoring process reliability) and S .I. ( semi-insulating) 
GaAs . The interdigitated Metal-Semiconductor-Metal devices were then defined by 
standard lift-off process . Current-voltage measure-ments were conducted to 
investigate dark current and under illumination current characteristics . Dark 
current characteristics of the SI-GaAs were analyzed and compared to the theory 
and results of the other workers . The photodetector sensitivity was also analyzed 
through the results of I-V measurement . The sensitivity of several IMSMs with 
different electrode spacing ~re compared and discussed . Characteristic anomalies ·, 
l.. .. 
were found on most fabricated devices which were related to problems during 
fabrication . The response time dependence on the structure dimension and the 
voltage bias can convey to interesting 2D analysis, however, this high speed 
measurement setup using monochromatic light presently can not be conducted due 
to equipment non availibility . 2D effect is just analyzed by investigating the I-V 
chatacteristics of the devices under illumination . 
6 
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II. THEORY 
.2.l.. Photodetection Mechanism of Interdigitated Metal-Semiconductor-Metal Devices . 
The light pulse coming through the spacing between the metal fingers will reach and penetrate the semiconductor (fig.2.1.) . Photons with energy larger than or equal to the energy gap of the semiconductor will create electron-hole pairs known as photocarriers . These I photocarriers are separated by the electric field of the depleted region of the Schottky barriers and collected by the two electrodes . If the voltage is low, the free surface of semiconductor is not fully depleted or if the photocarriers are generated deep outside the depleted region, they must first diffuse into the depleted region before being accelerated by the electric field . The photoelectrons in the depleted region move to the positively biased electrode ( anode) and the holes move to the negative biased electrode ( cathode) . If the electric field is high enough, the photoelectrons generated in the depl~ted region ~ ~~-
) move quasiballistically fast and the holes move slower due to lower mobility . The diffusion photocurrent results in relatively slow response at low voltage bias and the slow photoholes produce a somewhat long fall time . These slow photocurrent contributions will be described in section 2.4 .. 
e 
, 
Fig. 2.1. Photocarrier collection of IMSM photodiode . 
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2.2. P,ptential Distribution at Different Biases . 
The potential energy distribution at thermal equilibrium and nonequlibrium 
(voltage bias applied) are approximated by a one dimensional representation . This 
simplifies the dark current and photocurrent derivations without too much loss of 
accuracy . Derivation of the dark current of a Metal-Semiconductor-Metal structure 
is based on the classical work of S.M. Sze et.al [20] . The device investigated is a 
vertical structure, we use the expression for our planar metal-semiconductor-metal 
structure by aprroximating the distance between the metal contacts in the vertical 
' . 
MSM with the distance of the nearest current path from the anode to the cathode 
or spacing between electrode fingers of the IMSM photodetector . 
2.2.a. Thermal Equlibrium ( zero bias ) . 
The energy band diagram of the Metal Semiconductor Metal at thermal 
equilibrium (no applied bias) with associated space charge electric fields is shown in 
figure 2.2. . This figure shows the diagram of a symmetrical Schottky structure 
which means the Schottky barriers have the same metal material and junction area 
( the case of our devices) as well as interface conditions . 
E 
-em, 
L 
(a) 
(b) 
Em2 
Fig.2.2. ( a) Energy band condition and (b) electric field at thermal equilibrium 
• 
' 
' 
- . 
8 
' 
• 
b. Low voltage bias before punchthrough . 
When a small voltage bias is applied as shown in fig. 2.3., one of the barriers 
is reverse biased and the other is forward hiased . The depletion region of the 
reverse biased contact becomes larger and that of the forward biased decreases . 
The sum of the two depletion region widths become wider but they do not yet 
touch each other or reach the punchthrough condition . 
. The applied voltage bias, V, shared by these two Schottky contacts is given by : 
(2.1.) 
(a) 
Em2 
(b) 
Fig. 2.3. ( a) Energy band diagram and (b) electric field at low voltage bias 
before punchthrough condition . 
9 
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c. Punchthrough condition . 
When the voltage bias is increased, and the depletion region of both Schottky 
barriers become larger and at a certain point ( Xt of fig.2.4. ) the boundaries 
touch each other . At this point, both depletion regions are in the punchthrough 
condition and the voltage bias is equal to the punch through voltage = V pt • 
l 
(a) 
~ 
(b) 
V=Vp 
_'£ --+,--,.u;-...--.--...--... 
Sm2. 
Fig.2.4. (a) Energy band diagram and {b) electric field at punchthrough 
condition . 
The punchtrough voltage V pt is derived from the following expression, 
Depletion width con tact 1 : 
...... 
(2.2.) 
Depletion width contact 2 : 
(2.3.) 
10 
\ 
r' 
,, 
• 
At punchthrough : (2.4.) 
I 
Expanding equation (2.4.) by the use of equation (2.2.) and (2.3. ), gives the 
punchthrough voltage : 
.. 
q ND 2 
Vpt = 2 S - S x 
. €a 
..... (2.5.) 
After punchthrough, the electric field will be continous and vary linearly with 
distance from x = 0 to x = L . The magnitude of the electric field at x = 0, is 
given by 
Ed1 = ( V + V FB ) / S ( 2.6.) 
and at x = S, 
d. Voltage bias larger than flatband voltage . 
As the voltage bias is increased, the barrier of contact 2 (forward biased) 
becomes zero and the band becomes flat . The corresponding applied voltage is 
called the flat ban~ voltage . Notice that V 0 -V 2=0, therefore the bias voltage, 
V=VFB= flatband voltage, is accomodated by v0 +V1 • Using equation (2.2.) and 
(2.4) where W 2=0, gives the flat band voltage of a symmetrical MSM , 
VFB = (2.8.) 
.. 
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(a) 
L 
(b) 
Fig. 2.5. (a) Energy band diagram (b) Electric field at flat band condition . 
~~n 
(a) I 
0 
)( 
L -.1-I -~ 
., 
(b) 
Fig. 2.6. ( a) Energy band diagram and (b) electric field at voltage bias 
larger than flat band voltage . 
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Flat band voltage can be plottecl by taking concentration, ND and electrode 
spacing, S, as parameters . The avalanche breakdown limits the maximum voltage 
bias . The plots are given in the following graph for GaAs . These plots are useful • • 
for MSM device structures and similar device design considerations . 
f 
GoAs 
-> 
-
10 
I 
1014 101~ 1016 
, 
No ( cm-3 ) 
Fig. 2.7. Plot of flatband voltage,VFB' vs doping concentration of GaAs 
M-S-M structure with various spacing, S . Avalanche breakdown 
shown limits applied voltage . 
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2.3. Dark Current Characteristics . 
Dark current characteristics of the MSM structure are due to the thermionic 
emission of electrons over the potential barrier, </Jni at the reverse biased contact 
(the cathode which in the example is the contact 1, see fig. 2.3. to fig.2.6. ) and the 
thermionic emission of holes over the barrier, </Jp2 , at the forward biased contact 
( anode, contact 2) . At low voltage bias, the electron injection at the reverse biased 
contact is the largest contributor to the dark current, but, as the bias is increased 
further, hole injection at the forward biased contact can increase rapidly due to the 
decrease of the effective barrier . Because the anode and cathode are constructed 
from the same metal and assuming the interface is ideal without any surface state 
influence, the electron barrier height and hole barrier height can obey the following 
equation : 
(2.9.) 
Adjustment of the hole barrier height by selectin.g the proper material can improve 
. . 
the dark current characteristics or, on the other hand, can improve the 
sensitivity . 
2.3.1. Electron current transport . 
A. 
The electron emission over the barrier 'Pnt ( see fig.2.4.) is derived from 
[21, 22] as, 
J - A* T2 -/3<Pn1 .. /3(.d<Pnl +0 1 Ed1)( 1 - -. /3V 1) nl - n e e e (2.10.) 
where : 41r q m* k
2 
A~= Richardson constant for electrons = 3 n , h 
= 8.16 A/cm 2 /K2, approximately for GaAs [21] . 
/3 - q 
- kT' a 1 = intrinsic barrier lowering coefficient (22] . 
a</Jni = electron Schottky barrier lowering due to image force 
14 
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The electron current density (equation 2.10.) can be rewritten as, 
J _ J /311¢n1 ( l -/3V1) nl - n, e 
- e 
where J na = electron saturation current density = A~ T 2 e -f3<Pnt 
a 1 = 0 ( neglected ) . 
(2.11.) 
We can expect the electron current to increase asymptotical gradually when the V 1 
or voltage bias increases where the gradual increase is due to image barrier lowering 
il<Pnt • 
2.3.2. Hole current transport . 
Hole current is due to thermionic emission over the effective barrier for holes at 
the anode ( contact 2, fig.2.3.) . The effective barrier for holes at this contact affects 
the hole emission as be seen in following equation , 
(2.12.) 
where : 4,r q m* k2 A; = Richardson constant for holes = 3 P h 
= 74.4 A/cm 2 /K2 for holes in GaAs (approximation). 
These emitted holes diffuse through the neutral region between x1 and x2 before 
being accelerated by the depletion region field to the cathode contact . The steady 
state continuity equation in this neutral region is 
82 
'>, 
_P _ P - Pno _ 0 
8x2 DpTp - (2.13.) 
in which Pno is equilibrium hole density, Dp is the diffusion coefficient for hole and 
r p the hole lifetime . 
15 
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The solution for equation (2.13.) is, 
x/Lp - x/Lp P - Pno = A e, + B e (2.14.) 
Lp = ~(Dprp) is the diffusion length . 
. . (-q V 1/ kT ) . The boundary cond1t1ons are at x=x1 , P=Pno x e and at x = x 2 , use of 
hole current density in equation (2.12.) where the hole current is a diffusion 
current . The arbitrary constants A and B can be found from these boundary 
conditions (the derivation of equation 2.16. is in Appendix A) . Hole current 
density J pl is then determined by taking the gradient of the hole concentration at 
. . 
x = x 1 and using the condition that Jp1=0 (V=O) at thermal equilibrium. 
(2.15.) 
Jpl=· 
(2.16.) 
When the voltage bias is larger than the punch through voltage, V pt, the neutral 
region, ( x 2 - x1), diminishes, so that the hole current density ( equation 2.16.) 
reduces to , 
J - A*T2 -.B(<Pp2+ Vo) ( ,eV 2 1) pl - p . e e - (2.17.) 
At punch through the electric field is zero at position xt ( see fig.2.4. ), 
(2.18.) 
16 
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The electric field is linear throughout the x region; thus solving Poisson's equation 
yields, 
(2.19.) 
(2.20.) 
Using equations (2.6. ), (2.8.) and (2.18. ), we can rewrite the equation (2.19.) into, 
(2.21.) 
Similarly, using (2. 7. ), (2.8.). and (2.18. ), we can rewrite the equation {2.20.) into, 
- ( VFB - V )2 
V 0 - V 2 4 V (2.22.) 
. FB 
Employing equation (2.22. ), hole current density at voltage bias larger than V pt 
can be expressed by, 
/3 ( VFB- V )2 
J - A* T2 -/3¢p2 ( p 2 - p e e 
. 4 VFB 
-/JVo 
- e ) (2.23.) 
When the bias voltage, V == V FB, the factor in brackets of equation (2.23.) is close 
to uriity and the hole current density can be approximated as, 
J - A* T2 -/3¢p2 pl - P e (2.24.) 
[ At a voltage bias larger than flat band voltage, V > V FB• the barrier lowering 
effect at the anode must be included in the hole current equation as follows, 
J _ A* T2 -/3¢p2 -/3~<Pp2 pl - p e e (2.25.) 
, .. 
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where by using equation (2.7.) the Schottky barrier lowering effect can be expressed 
as, 
t1¢p2 = (2.26.) 
2.3.3. Dark Current . 
The total current of electron emission from the cathode and hole injection from 
the anode is the dark current of the MSM structure . As derived in preceding 
sections, the hole injection current is not expressed by a unique equation 
throughout the applied voltage bias range . The hole injection is considerably 
affected by the applied voltage due to the change of the effective hole barrier at the 
anode . 
(a) . Low voltage bias range, V < V pt ( equations 2.11. and 2.16. ) . 
q DpPno t h 
Lp an ( /3V2" 1 ) . 
where : J - A* T2 -/3<Pp2 pa- p e 
(2.27.) 
(b). Voltage bias range, Vpt < V < VFB (equation 2.11. and equation 2.23.) 
J f3 il<Pnt ( Jdark = nae + Jpa e 
{J(V FB- V )2 
4 VFB -f3Vo 
e ) (2.28.) 
(c). At bias voltage higher than flatband voltage, V > VFB ( equation 2.11. and 
2.25. ) . 
J J {311¢n1 dark= n,e + J 
{3.t1¢p2 
pa e (2.29.) 
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By using parameters of Al-GaAs Schottky contact and assuming a few of those 
parameters such as doping concentration (N 0 ), electron barrier height ( <Pn) and 
hole barrier height (<PP), the theoretical 1-V characteristic of a symmetrical GaAs 
M-S-M structure can be calculated by using the I-V characteristic equation 
described above . The plotting of the theoretical characteristic is presented in 
following graph (figure 2. 8) . Parameters used for the calculation are : 
N0 ~ doping concentration = 10 15 cm """ 3 and 1013 cm-3· 
S = spacing = 5 µm 
</>n = electron barrier height = 0. 78 V 
¢p = hole barrier height == E 9 - </>n == 0.62 V ( ideal junction interface ) . 
• • 
~ 
C 
<1) 
L 
\..... 
:J 
() 
10 -J 
N0 = 1013 cm-
10 -~ 
..Y. 1 0 -6 
\..... 
0 
0 
1 Q - 7--L.....-.-.~ .......... ..-T'""l"'..,....,....,...,....,...,r:-r'r"T""rT."T""T"T-r-nr-rrrrrTrT'T'TirrrTTTTTITTlrrrTTTTITI 
0.00 5 .. 00 10.00 15.00 20.00 
Bias Voltage (V) 
Figure 2.8. Theoretical dark I-V characteristics of a lD GaAs symmetric M-S-M 
device with ND = 1015 _cm- 3 and 1013 cm-3 and with S = 5 µm . 
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2.4. Detectivity measurement . 
Detectivity performance of a photodiode is generally measured by the quantum 
efficiency, 77 and sensitivity, '! . The quantum efficiency is defined as the number of 
electron - hole pairs collected per incoming photon , 
[~] 
77 = (2.30.) 
where Ip is the photocurrent and P opt is the incident optical power at a 
wavelength A, which corresponds to a photon energy hv . 
Quantum efficiency is scaled between O and 100 %, excluding the gain which 
can result in a misleading 77 larger than 100 % ( internal gain is usuallly produced 
in MSM photodiode which may lead to 77 more than 100 % ) . 
\ I 
The sensitivity, 1, is defined as the ratio of the photocurrent to the optical po*er, 
[A/W] (2.31.) 
The photocurrent generated is determined by the absorption coefficient, a, which is 
an inherent characteristic of the semiconductor material . 
The cut-off wavelength of the photon absorption is governed by the energy gap of 
the semiconductor, 
A _ h C _ 1.24 
c- E9 - E9 (eV) [µm] 
(2.32.) 
For example, GaAs has a cut-off wavelength cut-off of Ac = 0.83 µm and Si has Ac 
of about 1.1 µm . 
20 
Figure 2.9. depicts the intrinsic absorption coefficient for various semiconductor 
materials [21] . From the absorption curve, for instance, we may predict that 
illuminating a GaAs substrate by a GaAs laser diode ( ,\ = 0.83 µm ) will generate 
electron-hole pairs within a region 1 µm to 2 µm ( a = absorption coefficient ~ 9 x 
104 cm-1 ) from the surface . Thus the factor of illumination is not only a concern 
for obtaining good sensitivity of IMSM photodiodes, but also a concern in 
optimizing the high speed response in IMSM photodiodes, where the bias voltage is 
the adjustable parameter, after the structure design has been fixed . This 
2 dimensional effect will discussed in the next section . 
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Fig. 2.9. Photon absorption spectrum of various semiconducting materials . 
21 
2.5. Response Speed . 
2.5.1. One dimensional approximation . 
A one dimensional approximation will be used to simplify the response 
speed analysis . In this case, the photocarriers are traveling to the nearest edges of 
the cathode and the anode which are just at the edges of the metal-semiconductor 
interface . The bulk semiconductor is assumed as a thin wire, upon which a row of 
metal electrodes with the width L and spacing S resides . 
At low voltage bias, the response speed of the IMSM photodetector is limited 
by the photocarrier diffusion, drift time in the depletion region and the charging 
time of the IMSM capacitance . The response speed will be very slow due to the 
c9ntribution of photocarrier diffusion . The contribution of each response time 
depends on the photocarrier distribution in the region between anode and cathode,. 
voltage bias and doping concentration . Figure 2.10. pictures the ·process of 
photocarrier collection at low voltage bias. 
e 
. . - . . . . 
' , . . 
. . . . . . 
. -
-
0 = 
electron 
hole 
, . 
. 
-- -
.., 
Fig.2.10. One dimensional representation photocarrier transport . 
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In the ideal illumination case, where the illumination at a given wavelength is 
evenly distributed and the absorption coefficient is uniform, the exact response 
speed can be calculated . To perform this calculation, numerical analysis can be 
performed using the continuity and Poisson's equations . The latter· is to derive the 
electrostatic field within the depletion region . 
Poisson's equation is given as 
V 2¢ = - q ( ND - NA + p - n ) / f 
and the continuity equations for electrons and holes are 
~ 
8n/8t = V. Jn/q + G - U 
~ 
8p/8t = - V. Jp/q + G - U 
where : V is the one dimensional gradient operator . 
¢ is the electrostatic potential 
(2.33.) 
(2.34.) 
(2.35.) 
ND and NA are the concentrations of donors and acceptors respectively . 
G is the photocarrier generation rate and U is the recombination rate . 
Knowing the photogeneration rate at a given illumination wavelength and the 
recombination rate as well, we can use equation (2.33. ), (2.34.) and {2.35.) in the 
electron and hole current density equations as follows . 
~ 
Jn = - q µn n V¢, + q V( n Dn) 
~ 
Jp = - q µp p \1¢, + q V( p Dp) 
(2.36.) 
(2.37.) 
where: Dn and Dp are the diffusion coefficients for electrons and holes 
respectively . 
The charging time of the IMSM capacitance has been included by normalization of 
the time t by the dielectric relaxation time, T d, which is equal to time constant RC . 
The resistance R is the series combination of the load resistance and the resistance of 
the neutral region of the semiconductor, whereas C is the total capacitance of the 
IMSM photodiode at a given voltage bias . 
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At a higher voltage which may be in punchthrough, flatband or in excess of flatband condition, the entire gap of the IMSM photodiode is depleted of carriers . For instance, a GaAs IMSM photodiode with spacing of 3 µm and substrate doping concentration of 1015 cm-3 reaches flatband condition at a voltage bias of about 8 volts . Th us all of the photocarriers are generated in the depleted region and drift to the corresponding electrodes. The current equations (2.36.) and (2.37.) are then reduced by eliminating the diffusion currents (the second term) . Different electric field existing in different regions of the gap produces photocarriers with different velocity . This nonuniformity should be included to accurately calculate the time response, but may be excluded to simplify the task . Figure 2.11. represents one dimensional photocarrier collection at a voltage bias higher than punchthrough . 
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Fig.2.11. One dimensional representation photocarrier collection at voltage bias higher than punchthrough condition . 
Numerical analysis of the response time of the IMSM photodiode requires complex calculations and significant computing time to do so . A simple way of approximately calculating and taking the average of the response speed at· high voltage bias is given in the following paragraphs . 
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Response speed : 
-
where : ttr = transit time = ~ 
c1 = average distance between the position where the photocarrier 
is generated and the electrode edge . 
Ve = average carrier velocity 
t d = dielectric relaxation time = R1• C 
R1 is the load resistance and C is the IMSM capacitance, taking into account the 
effect of the parallel microstrip structure besides the depletion region capacitance 
[13] . The IMSM capacitance is defined by the following expression, 
C = Co ( N - 1 ) £ 
C0 is the gap capacitance of the IMSM electrode whic~ is defined as, 
where to and tr are the vacuum dielectric constant and relative permitivitty of the 
semiconductor . K and K' are elliptic integral factors derived for the parallel 
microstrip lines . 
2.5.2. 2D analysis of the IMSM response speed : A preliminary discussion . 
Actual photocarrier generation is not on the surface of the semiconductor but 
within a small distance from the surface . As previously cited in section 2.5., the 
absorption coefficient at a wavelength near the energy gap gives an absorption 
region within 1 µm to 10 µm of the surface . We may deduce an inaccurate 
response speed from the lD approximation, therefore a 2D analysis should be 
considered to derive the correct time response . The 2D result shows slower 
response due to the longer path of the photocarriers being collected . This 
inaccuracy arises from the difference of the photocarrier path length between two 
points with the same horizontal distance from the electrode region but different 
vertical distances . 
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Figure 2.12. gives a clear-cut picture of these differences at a given illumination 
wavelength, ,\ 1 • 
e 
~o 
Fig.2.12. 2D effect at illumination wavelength, ,\1 • 
At shorter illumination wavelength, the absorption coefficient becomes higher 
which means that the penetration depth is coming closer to the surface . Thus the 
lD approximation becomes more accurate at shorter wavelengths . Likewise, the 
response speed at shorter illumination wavelength becomes faster . Figure 2.13. 
below shows the reduction of 2D effects for illumination wavelength, ,\ 2 < ,\1 • 
e 
. . 
• I 
Fig.2.13. Reduced 2D effect at shorter illumination wavelength ,\2 < ,\1 
• 
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A two dimensional effect also results in slower response at a voltage bias which 
may produce a fully depleted region in the lD approximation, due to photocarrier 
diffusion transport . Regions further from the semiconductor surface have not been 
depleted . Figure 2.14. explains the contribution of diffusive transport for a region 
deep from the surface . 
e 
Fig.2.14. Diffusion of photocarriers generated far deep from surface . 
This diffusion contribution is eliminated at higher bias voltage when all of the 
photocarriers are generated within the depletion region . Elimination of diffu·sive 
transport at higher voltage bias is illustrated in the following figure . 
e 
/\ 1 
Fig. 2.15. Depletion region sweeps entire absorption region of photons at 
voltage bias larger than that represents conditon in fig.2.14. 
Two dimensional effects must be included in the analysis of IMSM 
photodiodes especially in deriving correct response speed . However, as many 
researchers are attempting to fabricate and analyzing IMSM photodetector with 
submicron dimensions, this 20 effect may not be pronounced due to very fast 
ballistic transport of the photocarriers . In our device with dimensions ranging 
from 2 to 5 µm, 2D analysis may improve accuracy of the lD approximation . 
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III. DEVICE DESIGN AND FABRICATION . 
3.1. Device Test Mask Design . 
IMSM test chip was designed in VLSI design automation laboratory using Valid 
Scaldstar workstation . The design of the test chip consists of seven IMSM patterns 
which each of those patterns has 100 µm finger length but different combination of 
width and spacing . On one side, there is a column of four IMSM patterns which 
have 3 µm finger spacing and various width of 2 µm, 3 µm, 4 µm and 5 µm . Next 
to this column, three IMSM patterns are laid-out which fingers are 3 µm wide and 
finger spacings are 2 µm, 4 µm and 5 µm . Lay-out of this test chip is shown in 
figure 3.1. . This variety of IMSM patterns were designed to accomodate 
investigation of the device response speed in relation to the device dimension . 
2+3 I : : Ii: : I 
3+2 I : : I 
-3+3 I : ~~ : I 
:]+Lj I : : I 
Y+3 I : l!: : I 
11~ 3+5 I : : I 
~I I~ 5+3 I : : I 
Fig. 3.1. Design lay-out of the IMSM test chip . 
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The design file was then sent to design and mask fabrication facilities of AT & T 
Bell Labs, Allentown Works, where the chip patterns were edited, inverted, arrayed 
and multiplied into four 1 x 1 inch squares . These patterns were edited to set 
distinct boundaries between adjacent chips, so that the chips could be diced easily . 
The patterns were inverted where the dark patterns were printed as clear part of 
the mask and the blank parts of the patterns were inverted to opaque patterns of 
the mask . This inversion was done to satisfy the lift-off process which used a 
positive photoresist . A test chip pattern was repeated into an array of 129 chip 
patterns in a lxl inch square . An array was multiplied into 4 equal arrays which 
occupied pertinently an area of 4 inch square . The complete IMSM chip arrays are 
shown in figure 3.2 .. These edited patterns were engraved into 4-inch-square 
chrome-plated glass by e-beam lithography . This mask was finally cut equally into I 
four 2x2 inch squares in order to fit the size of mask holder of the mask aligner . 
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Fig. 3.2. The ~omplete layout of uninverted four IMSM arrays . 
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3.2. Process Development . 
Process development was conducted to set up the processing steps and 
parameters to obtain the desired result . Process development comprises setting up 
of substrate preparation, photolithography characterization and metalization with 
thickness measurement and simulation . Silicon wafers and slices were reworked and 
used as dummy substrates during process development . The RCA cleaning method 
was utilized to prepare Si samples . The reworking process consists of stripping the 
photoresist in two bath of stripper, first bath in reused stripper and second bath in 
new stripper, dipping in acetone and ending by etching with HF /H 20 = 1 : 10 . 
3.2.1. Photolithography development . 
I. Spin coating characterization . 
Photoresist, Positive AZ-1351J-SF, was coated onto the wafer using a spinner. 
The spinner is a rebuilt piece of equipment . The spinner is worn out as realized by 
uneven resist colors visually detected on the wafer surface shown in figure 3.3. . 
The source of this thickness non-uniformity is believed to result from spindle 
vertical vibration during acceleration to final speed . This non-uniformity results in 
low yield on photolithography . However, 5 % to 30 % yield is acceptable for 
obtaining a few good devices for measurement . 
Spinner characterization was carried-out to check the range of the resist 
thickness as related to spinning speed . Photoresist layers were coated onto 2" Si 
wafers at different spinning speeds, which are 4000, 5000, 6000 and 7000 rpm . 
Thickness measurements were conducted by ellipsometry . Measurements at two 
different angles, 60° and 70°, were required due to multiple interference orders 
produced by the resist layers . The resist thickness was concluded from these two 
measurements by comparing thicknesses of the same orders and taking the 
·, 
thicknesses which were closest as the thickness of the photoresist . Anomalies were 
encountered on samples coated at 4000 rpm and 5000 rpm . Resist coated at 4000 
rpm did not produce any interference order for which thicknesses at two 
measurement angle were closest due to being out of the measurement range of the 
ellipsometer • At 5000 rpm, the first thickness order of 
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Fig. 3.3. ( a) Visualization of coating non-uniformity and (b) ellipsometry result at 
5 different points on 2 inch Si wafer spinned at 6000 rpm . 
70° measurement could not be measured due to very small number, therefore the 
resist thickness was obtained by comparing the thickness of the tenth order of the 60° measurement to the thickness of ninth order of the 70° measurement . The 
resist thickness spinned at 5000 rpm is measured as about 20,000 A, so that the 
resist thickness at spinning speed 4000 rpm must be thicker than 20,000 A . The 
results of resist thickness measurements are tabulated in table I and compared to the manufacturer's typical numbers . The complete ellipsometry data are compiled in Appendix B . 
Table I . Resist thicknesses of different coating speeds . 
coating speed resist thickness vendor's manual [rpm] [A] [A] 
.f 
3000 
- 20,100 
4000 > 20,000 17,600 
5000 20,350 16,000 
6000 17,269 14,700 
7000 9,526 13,800 
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The non-uniformity was also revealed by the result of measurements at several 
different points on wafers coated at 6000 rpm and 7000 rpm . The thicknesses of 
different points on the wafer surface spinned at 6000 rpm are indicated in figure 
3.3. b .. Discrepancies of about 2,000 A to 3,000 A were detected between different 
points . Non-uniformities should be expected for resist layers coated at lower speed 
if the ellipsometer could cover range thicker than 20 kA . 
This spinner characterization assures resist thickness relation for the spinning speed 
given by the vendor's manual . The coating speed of 3000 rpm was then chosen for 
the exposure and development optimization as well as for device fabrication . 
According to the vendor's manual, this spinning speed produces resist thickness on 
the order of 25 KA, which is thick enough for succesful lif-off processing as well as 
for better uniformity . 
II. Development, Exposure and Bake Optimization . 
Development, exposure and softbake processes were characterized to find the 
optimum process parameters for transferring the mask patterns to the photoresist . 
The process parameters that were tracked in finding the optimum ones were 
development time, developer concentration, exposure time and softbake 
temperature . The optimum process parameters were determined by observing the 
resist pattern and yield through optical microscopes . The optimum transfer of 
patterns is the printing of resist patterns with the least deviation from the mask 
pattern and highest yield . The row-column microscope of the mask aligner was 
utilized to initially check the resist patterns and yield . These initial inspection were 
finally clarified by a metallurgical microscope which also facilitated linewidth 
measurements and photographic recording . 
Two methods of post-exposure bake (PEB) were also investigated to obtain a 
better alternative for the lift-off process . Only one of those resist processes, PEB 
with oven bake, was succesful in developing the pattern image . The result of this 
process was also photorecorded and compared to the standard process . 
Humidity and ambient temperature can influence the photolithography process . 
Concentration of the developer may also deviate after being used for several times . 
Because these parameters were not controlled, several ambigous, contradictive and 
inconsistent results had to be tolerable and understood as far as the inconsistencies 
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associated with these results only lie in narrow span . 
11.1. Developer concentration optimization . 
The developer solution was a mix of of Hoechst AZ-351J developer with some DI 
water . According to the vendor's manual, the more diluted the concentration of 
this solution, the higher contrast resist pattern will result without concern for 
throughput . Therefore, several different concentrations of developer solution were 
tried . These solution concentrations were 1:4 , 1:5 and 1:6 ( developer : DI water ) . 
.. 
The process : - spin coat 3000 rpm 30 s 
- softbake 90°C - 95° C 
- exposure time 30 s 
- development time : 25 s for developer concentration 1 : ·4 
30 s for developer concentration 1 : 5 and 1 : 6 
The results : 
- for concentration 1 : 4 : - most parts were overdeveloped with only a 
few parts was succesfully printed ( sample #4 ) . 
- for concentration 1 : 5 : most parts were overdeveloped severely even 
the bonding pads ( sample #5 ) . 
- · for concentration 1 : 6 • • some parts were properly developed with 
overdeveloped patterns on the smallest 
features ( sample #6 ) . 
Based on these results; the most diluted developer solution, AZ-351 : DI H20 
1 : 6, was then chosen as the most favorable concentration for the next 
photolithography steps . 
11.2. Development time optimization . 
Using the most diluted developer, 1 : 6 concentration, the development processes 
were observed for shorter development times . Development times of 5 s, 10 s, 15 s 
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and 20 s were investigated with constant exposure time of 40 s and softbake 
temperature within 95 ° C - 100 ° C . The results were observed through the 
microscope, photographed and concluded . Photographs of the best of completely 
developed chip patterns of each process are presented in figure 3.4 .. 
The results of : 
a. 5 s development time (sample # 26) : - no patterns were dev~loped (figure 3.4.a} 
b. 10 s development time ( sample #23 ) : 
- good yield , 18/87 
- some residue remain (scumming) 
- good linewidth control with little overdeveloped ( figure 3.4 .. b ) . 
c .. 15 s development time ( sample #25 ) : 
- fair yield , 24/129 
- shows underdeveloped on parts of completely developed chip patterns (figure 3.4.c.) 
d. 20 s development time ( sample #24 ) : 
- good yield , 36/129 
- shows good linewidth control with slight overdeveloped (fi_gure ·3.4.d. ) 
Conclusion : from the investigation on samples #23 to #26 above and sample #4 
in 11.1. , the development time should be within 10 s - 20 s to 
obtain good linewidth control . Patterns can not be developed in less than 10 s 
(result of sample #26) and will be overdeveloped on most of the parts if the 
development time is more than 20 s ( result of sample#4 ) . Ambiguity is 
concluded from the observation on samples #23, #25 and #24 which linewidth 
controls do not have consistent relation to the development time . This uncertainty 
was supposed to be contributed by the ambient parameters ( temperature and 
humidity ) or change of developer concentration after several times of usage . Other 
parameter which implies the optimum development time is the scumming of the 
resist at 10 s development time . To set a safe margin to this undesirable effect, 
development time longer than 15 s is the main setting point for the next processes . 
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(a) sample #26, 5 s development time , width x spacing: 3x3 µm 2 and 4x3 µm 2 • 
' 
' 
(b) sample #23, 10 s development time, width x spacing : 3 x 3 µm 2 
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( c) sample #25, 15 s development time, width x spacing : 3 x 3 µm 2 
'l l , 
(d) sample #24, 20 s development time, width x spacing: 3 x 3 µm 2 
Figure 3.4. IMSM resist patterns resulted from development time optimization . 
36 
11.3. Exposure optimization . 
Exposure was radiated from a mercury arc lamp, after the photoresist on the 
silicon wafer made contact with the chrome surface of mask . Development results 
from several exposures with different times were observed . 
The processing steps set for exposure optimization were : 
- reworked wafers with bake drying at 90° C - 95°C 
- soft bake at 100° - 107°C for 30 minutes 
- exposure times of 30 s (sample#33), 40 s (sample#28) and 50 s (sample#29) 
- development times 10 s for samples #28 and #29, and 14 s for the sample #33 . 
Result of exposure optimization samples : 
- sample #33 ( 30 s exposure ) : 
- high yield 40/129 
- some residue remains 
- some developed parts show fairly good linewidth control ( figure 3.5.a. ) . 
- sample #28 ( 40 s exposure ) : 
- high yield 40 / 129 
- many of those developed parts show good linewidth control and 
tend to be somewhat rectangular ( figure 3.5.b. ) . 
- sample .#29 ( 50 s exposure ) : 
- high yield 43 / 129 
- many of those developed show good linewidth control but tend 
to be somewhat round at the end of the finger patterns ( figure 3.5.c. ) . 
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(c) 
Fig. 3.5. IMSM resist patterns developed at ( a) 30 s, (b) 40 s and ( c) 50 s 
exposure 
From these exposure optimization results, an exposure of 40 s shows the best 
developed patterns with the most rectangular fingers as well as high yield . 
11.4. Soft bake characterization . 
Softbake temperature affects the development of the photoresist patterns by 
influencing the solvent contents of the resist . The higher the temperature is, the 
less solvent remains in the resist . Softbake characterization was conducted within 
three different temperature regions and the results were investigated . These 
temperature regions were 85°C to 90°C, 95°C to 100°C and 105°C to ll0°C . This 
wide span of temperature fluctuations was due to limitations of the control 
accuracy of the oven . The oven was evacuated by a dry vacuum pump . 
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The processing steps in characterizing softbake step of the photolithography were : 
- spin coating at 3000 rpm for 30 s 
- softbake for 30 mins at three different temperatures region as mentioned above 
for sample # 7 ( 85°C - 90°C), sample #17 ( 92°C - 100°C ) and sample#30 
( 104 ° C - 109°C ) . 
- exposure 30 s 
- development time 20 s 
Results of the development of the three samples : 
Sample # 7 ( 85°C-90°C ) : 
- no completely good chip patterns 
- paterns which showed up were severely overdeveloped 
Sample #17 ( 92°C-l00°C ) : 
- yield of complete chip patterns, 36/129 
- many of the completely developed chip patterns were a little overdeveloped 
- some of the completely developed chip patterns have fairly good 
linewidth control ( figure ·3.6.a. is a photograph of one of the best 
developed patterns with 3 µm spacing x 3 µm width ) . 
Sample #30 ( 102°C-109°C ) : 
- yield of complete chip patterns, 35/129 
- small residue dots remained on some developed chip patterns 
- some of the completely developed chip patterns are slightly overdeveloped 
( figure 3.6. b .. is a photogra.ph of one of the best developed patterns 
with 3 µm spacing x 3 µm width ) . 
40 
. ' ., 
1 ( 
(a) 
(b) 
Fig. 3~.6. :Pl1otographs of IMSM resist patterns ( spacing x width of 
3 x 3 µm 2 ) softbaked within temperature of (a) 92° C - 100° C 
and (b) 104° C - 109° C . 
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From investigation of the results, the temperature region within 104 °C- 109°C 
produces the best resist patterns and highest yield with slight overdevelopment . 
A few parts have small residue dots that will not affect the IMSM characteristics 
since the residues are only located in the bonding pad regions . 
11.5. Post-Exposure Bake . 
To produce steeper photoresist walls which may lead to a more succesful lift-off 
process, the post-exposure bake process was investigated . This process involves low 
temperature softbake within 75°C-80°C, and higher temperature postbake within 
105°-ll0°C after exposure . Low temperature softbake was intended to reduce the 
residual solvent content after exposure, and the postbake at higher temperature 
reduces the solvent with a gradient from the resist surface to the wafer interface . 
Steeper resist walls with surface crusts may be expected from this additional 
postprocess [22] . Two methods of PEB were tried . One method -employed an oven 
and the other one used a hotplate . Only the PEB by oven was successful for 
pattern development . The desired resist slope from this postprocess was not 
ensured due to inaccesibility to the electron microscopy facility . The processing 
steps and the results of these PEB characterizations are summarized in the 
following paragraphs . 
1. PEB with hotplate . 
- after rework bake at 80°C for 4 minutes . 
- resist coating at 3000 rpm for 30 minutes . 
- hotplate bake at 77°+ 5°C for 45 seconds . 
- expose for 40 seconds . 
- hotplate bake at ll0°C + 5°C for 45 seconds . 
- develop in 1 : 6 developer solution for 20 seconds, plus an additional time 
of 5 minutes . 
I ··f ,' 
Result : - even though development time had been a·dded for ultimately 
5 minutes, the resist could not be developed . 
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2. PEB with oven . 
- after rework with bake, the sample was rinsed . 
- resist coating at 3000 rpm for 30 seconds . 
- bake in the oven between 75°C-80°C for 30 minutes . 
- expose for 40 seconds 
- bake in the oven between l00°C-105°C for 30 minutes . 
- develop in 1 : 6 developer solution for 70 seconds . 
Result : - yield 24/129 
. .:..,,; 
•:/ ,. 
- the completely developed parts show underdevelopment at the end 
of the fingers ( figure 3. 7. ) . 
Figure 3.7. Photograph of the resist pattern ( spacing x width : 3 x 3 µm 2 ) 
developed after oven post-exposure bake . 
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3.2.2. Metallization . 
Aluminum was deposited by tungsten-filament evaporation . The glass bell jar 
is evacuated by an oil-diffusion pump and the oil backstreaming is prevented by a 
high capacity chevron-baffled LN 2 trap . This vacuum system can produce ultimate 
pressure on the order of 10-7Torr based on the reading of a hot-cathode ion gauge . 
The tungsten-filament, a basket type with 0.5 inch top diameter, was placed 
approximately 8 inches directly above the substrate which was mounted on 
stainless steel plate . The substrates were unheated and were assumed to be at 
room temperature . l'he deposited metal thickness should not be too thick, 
otherwise a succesful lift-off process can not be achieved . On the other hand, 
to assure a good wire bond or good probe contact to the bonding pad of the IMSM, 
the metalization must not be too thin . Therefore, the metal must be deposited to 
a thickness that is between about 1,000 A to 2,500 A to satisfy those cbnditions . 
I. Trial deposition . 
In order to .deposit the appropriate thickness, a simple trial deposition procedute 
was carried out . An approximation was made by assuming the source to be a point 
and uniform spherical evaporation . A cosine distribution [23] was used to calculate 
the expected thickness distribution from the center of a 2 " wafer to its edge . 
The aluminum material was wire with : 
/ 
diameter : ¢ = 1 mm 
density : 8 = 2. 7 g 
cm3 
length : 1 = variable from 20 - 25 cm, which 
determines the metal thickness . 
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Assuming uniform spherical evaporation, the thickness at the center of wafer is : 
m(l) 
thc(l) = 4.1r.6.h2 ' 
where : 1 = index which stands for length of aluminum wire 
m(lJ = mass of the aluminum that was evaporated 
. </> 2 
=6.1r.(2) .1 
h = distance between source and substrate . 
(3.1) 
Using the thickness from equation (3.1) in the above cosine thickness distribution , 
-1.5 
. . [d ]2 th1ck(I) = 1 + . h .thc(l) ..... (3.2 .. ) 
where : dp = ra.dial distance from the center of the wafer 
The thickness distribution on a 2" wafer with a deposition using 20 cm and 25 cm 
aluminum wires was computed and plotted using equations 3.1. and 3.2 .. The 
calculated of metal thickness distribution is presented here as follows . 
I = 20 cm : - h = 8 " 
,-------------. -. ---~-------------------. 0.4· JJID 
0.35 ....--------------+--------------' 
thick( l) 
0 .30 l:======----======:::====t==========-------==:====:1 
0. 25· JJID 
-2.s·cm 2.s·cm 
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- I = 25 cm : - h = 25 cm 
o. 4 · pm ------------,------------, 
. 
0.35L----------~t---~~------, 
thick( l) 
0.30 
0.25· pm 
I 
. . . 
-2.s·cm 2.5·cm 
II. Thickness Measurement . 
Si substrates with interdigitated resist patterns were used to monitor the 
metallization thickness . Aluminum wires with dimensions as used in the trial runs 
were evap·orated under tl1e following conditions : 
Backing pressure : PB = 4.5 x 10-7 Torr 
During evaporation : Pevap = 9 x 10-7 Torr 
Source current : I = 70 A 
Voltage position : V = + 2.7 Volt 
The thickness was measured using a stylus surface profilometer . Measurements of 
the tl1ickness obtained for deposition of two different Al wire lengths are shown 
below . 
.. 
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The thickness measurement shows the desired metal thicknesses, even though the 
thicknesses are somewhat less than those from the test runs . The discrepancies 
resulted from the amount of Al wire that was wasted before the shutter was opened 
and the fact that the source could not be considered as a point . A wire length of 
25 cm was thus adopted as a suitable amount of Al to be deposited to obtain 
favorable thickness . 
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3.3. Device Fabricatiort . 
3.3.1. GaAs substrate preparation . 
Two inch (100) undoped MA/COM GaAs was scribed and broken up into 4 
equal pieces . The GaAs surface was cleaned and etched prior to lithography in 
order to obtain good contact between the Al metal and GaAs surface . Firstly, the 
surface was cleaned to remove any grease and wax residue by dipping in acetone 
and TCE . lsopropyl alcohol was used for drying the surface after solvent cleaning 
and after DI water rinsing . The surface treatment includes etching steps for 
etching a few nanometers of GaAs surface and removing the native oxide to a 
thickness thin enough for good Schottky contact . 
The treatment procedures are given as follows : 
(1) Dip in acetone for 5 minutes ( to degrease the surface ) . 
(2) Dip in TCE heated at 70°C for 5 minutes 
(3) Clean and dry by dipping in isopropanol for 2 minutes . 
(4) Etch in H2S04 : H2 0 2 : H20 = 1 : 8: 160 for 20 s . 
(6) DI H20 rinse for 2 minutes . 
(7) Etch 1 minute in HCl: H20 = 1 : 1 
(8) DI H20 rinse for 2 minutes . 
(9) Dry by dipping in isopropanol for 2 minutes . 
3.3.2. Photolitography . 
Slightly different surface treatment procedures during photolithography of two 
IMSM fabrication runs, namely process I and process II, were carried out . 
Process I was conducted before process II . These process numbers are continued 
for the same GaAs samples during deposition processing . Some specific problems 
are highlighted for analysis of anomalies and further improvement . 
Common photolihography procedures of these processes are listed in the following : 
( 1) resist coating at 3000 rpm for 30 seconds 
(2) softbake at 104°C - ll0°C for 30 minutes 
(3) contact exposure 40 seconds 
( 4) develop in 1 : 6 = AZ-351 : DI water for 15 seconds . 
48 
For GaAs sample GSl#l , the process I steps are : 
(5) rinse with DI water for 30 s 
(6) dip in NH 40H : H20 = 1 : 2 for 20 seconds 
(7) rinse with DI water for 30 s and finally, blow dry with filtered compressed air . 
The yield is about 30 out of 89 with fairly good linewidth control . 
Problems and sources of latter anomalies : 
Al. metal tweezer was used to hold the sample and immersed in all of above 
processes. 
A2. water flow was little slow due to degraded water filter 
For sample GS1#2, the process II steps are : 
(5) rinse with DI water for 2 minutes 
(6) etch in H2S04 : H20 2 : H2 0 = 1 : 8 : 160 for 55 seconds 
(7) rinse with DI water for 2 minutes 
(8) dip in HCl : H2 0 = 1 : 1 for 1 minute 
(9) rinse with DI water for 2 minutes and blow dry with filtered air shortly . 
Yield is 20 out of 70 . Patterns show excellent linewidth control and resist integrity 
( with only a few of the smallest fingers exhibiting resist cracks) . 
Problems and sources of latter anomalies : 
Bl. Water flow was much slower than it was in process I . 
B2. Etchings in sulfuric and chloride solutions were carried out by plunging the Im 
slice into the etching solution (tweezer was not immersed into 
the solutions ) and before the time was about to end the solutions were drained 
into their waste containers . The samples were still inside the beakers, and 
immediatelly rinsed by flushing with DI water for the set time . 
3.3.3. Aluminum Deposition . 
Eight inch-long, 1-mm-diameter Al wire was cut into three parts and coiled, 
so that all pieces could be placed in the tungsten basket . Prior to deposition, these 
pieces along with tweezers and the tungsten basket were cleaned by ammonium 
base-hydrogen peroxide solution and etched with very diluted chloric acid-peroxide 
(1 to 100 parts of DI water) . 
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- Process I for sample GSl#l : 
During process I of metal deposition on GaAs sample GSl#l, a problem 
occurred which halted the metal evaporation . The filament was suddenly off, after 
the shutter was opened for about 30 seconds . Afterward, the filament connection 
was checked (which required opening the chamber for a while) . After the 
connection problem was overcome, the chamber was pumped back down to 
1.4 x 10-6 Torr, and the Al deposition was then continued . 
The deposition conditions are summarized as follows : 
- before loss of filament connection : 
- PB (background pressure) = 6 x 10-7 Torr . 
- Pevap (pressure during evaporation after open the shutter)= + 1 x 10-6 Torr 
- Iwet (current during filament wetting, before opening shutter) = 40 A 
- levap (during evaporation) = + 60 A . 
- Vevap(filament voltage to produce levap) = 2.5 V 
- tevap = +. 30 seconds . 
- after restarting the process : 
- P 8 = 1.4 x 10-6 Torr 
- P evap = 2.2 x 10-7 Torr 
- Iwet = 40 A 
- I evap = 65 A 
- tevap = + 3 minutes 
- Vevap = 2.8 V 
- Process II for sample GS1#2 : 
- PB = 4.6 x 10-7 Torr 
- Pevap = 7.3 x 10-7 Torr 
- Iwet = 45 A 
- levap = 65 A 
- Vevap = 2.75 V 
- tevap = 4 minutes" 30 seconds . 
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3.3.4. Lift-off process . 
After deposition, lift-off processes were done by immersing the samples in 
reused stripper several times, rinsing between succesive immersions and immersing 
in clean stripper (AZ 300T) . The samples were held by metal tweezers during the 
immersion . The stripper solutions were heated up to 80°C . 
A problem was encountered before the lift-off process of sample GSl#2 
(process II), where the metal tweezers seemed to be reacting with the chemical 
solution . The tweezers were immediately dipped in ammonium base-peroxide 
solution (1:1:5) for 5 minutes, rinsed, etched in chloric acid-peroxide solution 
(1:1:100) for 2 minutes and rinsed with DI water . These processes were repeated 
once again until the tweezer surface returned to its original condition . 
- Process I for GaAs sample GSl#l : 
1. Dip in reused AZ 300T stripper at 80°C for 10 minutes 
2. Rinse in DI H20 for 2 minutes 
3. Repeat the processes above for twice more 
4. Dip in heated fresh AZ 300T stripper for 3 minutes 
5. Rinse with DI H20 for 2 minutes . 
6. Dry by blowing the sample shortly with filtered air (less than 30 seconds) .. 
Result : - yield 3/89 ( complete IMSM device in one test chip) 
- bad and incomplete finger definition on most of the chips except for 
3 locations . Some metal fingers were removed and the debris were 
left crossing and shorting out the interdigitated metal fingers . 
A few fingers were shifted and left in close proximity with the adjacent 
fingers . Some fingers have corrugated parts and protrusions, a few of 
these defects short the adjacent fingers and a few others create close 
proximity with the adjacent fingers . 
- some incomplete test chips still have acceptable and testable IMSM . 
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- Process II for GaAs sample GSI#2 : 
1. Dip in reused AZ-300T stripper at 80° C for 3 minutes 
2. Rinse in DI H20 for 2 minutes 
3. Repeat the above processes 6 times more 
4. Dip in heated fresh AZ-300T at 80°C for 3 minutes 
5. Rinse with DI water for 2 minutes . 
6. Repeat the two preceeding steps once . 
5. Dry by dipping in heated isopropyl alcohol for 2 minutes 
Results : - yield 20 /70 
- pattern definitions were very good with excellent linewidth control 
and sharp metal pattern ( sharp boundaries) . 
- unfortunately, the metal patterns show commencement of a corrosion 
effect . Later, these effects became worse by destroying all of the 
metal patterns as well as the the adjacent GaAs ,Surface . 
! 
' 
., 
Figure 3.8. Photograph of "3x3" and "3x2" IMSM photodetector (spacingxwidth). 
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3.3.5. Evaluation of the metal definition imperfection . 
Imperfection of the metal definition is evaluated for IMSM photodetector 
characteristic analysis and further fabrication improvement . Metal defects are 
evaluated and related to problems and conditions encountered during the process . 
Evaluation of the result of process I (sample GSl#l) : 
- metal definition defects . 
Possi hie cause : 
Because the Al layers were deposited • Ill two pump downs 
with the vacuum chamber being opened between those pumpdowns, the 
second layer was deposited on an oxide of the first layer . These stacked layers 
may have weak adhesion . The first layer was deposited in a short time (30 
seconds), so that imperfect metal nucleation was likely to produce poor adhesion 
to the semiconductor substrate . All of these conditions have a detrimental effect 
on the lifting process . When the resist layers were· lifted off, the metal on the 
resist pulled against the metal on the substrate . Because connection of the metal 
on the resist with the metal on the substrate somewhat exceeds the adhesion of 
the metal to the substrate, especially of the smallest metal fingers, the resist 
lifting was also lifting and shifting some metal fingers on the substrate yielding 
imperfect interdigitated metal patterns mentioned earlier . 
- poor Al adhesion 
Possible cause : 
As mentioned earlier, the evaporation interruption is the cause of incomplete 
nucleation and the thin Al layer . An incomplete process of deposition results in 
poor adhesion of the Al layer to the substrate as revealed later when the devices 
were probed . 
Evaluation of the Results of Process II (sample GSI#2) : 
- Al corrosion 
Possible cause : 
The DI water flow during the process II was very slow which was caused by a 
degraded micron filter . After development, the sample was etched with a slow 
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sulfuric acid etchant (1:8:160) and completed by dipping in HCl : H20 = 1 : 1 
solution to remove residual oxide left by the previous etchant . The sample was 
flushed with DI water in between these two processes and after the hydrochloric 
acid etching . The sample contains relatively high walls of interdigitated resist 
patterns (more than 2 µm thick), so that these resist patterns resemble a deep 
well . It is very likely that the residual film of chloric acid solution was 
incompletely flushed and trapped in those deep wells . Hydrochloric acid solution 
is a good etchant for Al, therefore it reacts and destroys the deposited Al 
interdigitated patterns . The reaction with Al was complete when the samples 
were observed, where the change of surface conditions was concentrated on the Al 
patterns and nearby surroundings . The patterns appearance grow from mild tree-
branches looks in the corners of the devices after just being fabricated to uneven 
and multicolored patterns on the following day . The I-V characteristics also 
showed this deterioration where the IMSM exhibited photocurrent degradation . 
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IV. 
ANALYSIS AND DISCUSSION OF MEASURED 1-V CHARACTERISTICS 
4.1. Dark Current Characteristics of SI GaAs IMSM . 
I- V characteristics of IMSM photodetectors was observed using a Tektronics 
576 curve tracer . The IMSM photodetectors were probed on the wafer and 
illumi11ated by the prober microscope lamp . Dark current characteristics were 
investigated by shielding the lamp ( without turning off the lamp and with dark 
surroundings) . The I-V curves of "3 x 2" (µm spacing x µm width ), "4x3" and 
"5x3" devices representing the dark current characteristics obtained for SI-GaAs 
IMSM photodetectors are shown in figure 4.1.a, b and c respectively . 
(a) 
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(b) 
(c) 
Figure 4.1. Dark I-V characteristics of "3x2", "4x3" and "5x3" (spacingxwidth) 
SI~GaAs IMSMs . 
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The dark 1-V characteristics of the GaAs IMSM photodetectors • are 1n 
agreement with the theory described in chapter 2 . The gradual increase of the 
leakage current with voltage bias from O to 10 V shows electron emission over the 
barrier as the dominant mechanism . The gradual increase also shows image force 
barrier lowering, .tl<Pn, influence on the electron emission current . The higher the 
voltage bias, the higher the image force, so / 3a<fini is part of the electron emission 
equation [equation 2.25] . Above 10 V, the characteristic curves become steeper 
which is probably not caused by impact ionization since the substrate is low doped 
substrate . Instead, according to the theory, hole emission over the barrier of the 
anode is the most plausible process . At 10 V bias, the depleted regions of the 
Schottky junctions are just starting punchthrough . The hole emission current will 
increase exponentially according to equation [2.28] and surpass the electron 
emission current . This is more or less demonstrated by the characteristics of the 
"5x3" device . The punchthrouch voltage is lower compared to those of other 
higher doped GaAs IMS Ms [11] . This is not difficult to understand since the 
substrate used here is low doped GaAs [in accordance to equation 2.5.J . 
The second gradual curve which indicates flatband condition do not show up on all 
devices . Because the. exact doping concentration of the semi-insulating substrate is 
not known, several unintentional doping concentrations due to contribution of 
residual impurities are assumed to calculate possible flatband voltage of this SI 
GaAs MSMs . Using equation (2.8), possible flatband voltages of "5x3" IMSMs are 
calculated as follows : 
S = spacing distance = 5 µm = 5 . 10-4 cm ; f 3 GaAs = 13.2 lo • 
q ND S2 
VFB = 2 (. 8 0.34 X 10-
13 X ND 
Table 2. Flatband voltages of different doping concentrations . 
ND (cm-3 ) VFB (V) 
108 0.17xlo-5 
., 
1014 1.7 
1015 17 
3.1015 51 
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According to the curve shape of all of the devices, the second gradual increase is 
not produced . This indicates residual doping concentration of this semi-insulating 
substrate is higher than 1015 cm-3 • The flatband voltage which then should be 
higher than 17 V can not be investigated due to the protected voltage range of the 
curve tracer ( 20 V maximum ) . The higher voltage range could be operated by 
using a protection box which is not available for the curve tracer at this time . 
The dark current of the IMSMs is higher than the dark current of similar SI-GaAs 
MSMs with interdigitated tungsten electrodes [14] . This higher current is 
reasonable because of the higher hole barrier of the tungsten-GaAs Schottky 
barrier. Unpassivated surface states may also contribute to the higher surface 
leakage current . Surface states are intrinsically part of the nature of the GaAs 
surface where many dangling bonds of Ga and As atoms are not passivated by a 
good native oxide as that of Si . Any contaminant on the surface such as metallic 
impurities originating from the cleaning process may generate free carriers which 
• 
result in higher surface leakage current . The role of metallic impurities is 
demonstrated by the anomalous breakdown characteristics of most of the devices . 
This anomalous finding which resembles other's work [18,19] will be discussed in 
section 4.3. . The initial behavior of surface states as electron traps is obviously 
shown in the 1-V characteristics as hysteretic, non-linear (chaotic) curves ( the 
hysteresis was originated by the ac circuit of the curve tracer, but it was enhanced 
by the devices ) . This behaviour of the traps is more obvious in the low bias range 
where symmetrical chaotic (sawtooth) curves are displayed . In this voltage range, 
the semiconductor is not completely depleted of carriers, so that these carriers can 
fill traps . A slower charging time than the ac looping results in the sawtooth curve 
shape . This trapping effects consequently supports the punchthrough condition as 
concluded previously from the curve slope increase . 
The Unsymmetrical 1-V characteristics are not really understood, so three 
possibilities are proposed : 
(a) unsymmetrical metal finger protrusions can lead to higher edge tunnelling 
currents due to a thinner depletion region at those metal edges . 
(b) unsymmetrical metal impurity located in the gap region 
{ c) different probe contact resistance to the anode and to the cathode . 
Possibilities ( a) and (b) may be . acceptable for some arguments which will be 
discussed further in section 4.3. . Possibility ( c) is the least probable because 
unsymmetrical characteristics were not found on the Si IMSM devices . 
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4.2. I-V Characteristics under Illumination . 
The photocurrent of the IMSMs were investigated by illuminating the devices 
using the probe station microscope lamp . By opening and shielding the optical 
beam, photodetectivity of the IMSMs was observed . Photographs of the 1-V 
characteristics of the "3x2", "4x3" and 5x3" IMSMs under illumination are shown 
along with dark current characteristics . The photocurrent are extracted by 
subtracting the dark characteristics from those under illumination . The highest 
photocurrent characteristics of the two polarity branches of each IMSM are plotted 
in figure 4.3 .. The highest photocurrent is produced by the "5x3" device . This is 
understandable, since this device has the widest spacing which means the largest 
photon absorption area . But the lower photocurrent of the "4x3" device compared 
to that of the "3x2" device is confusing, since the "3x2" has narrower spacing. than 
that of the "4x3" device . A higher depletion field of the "3x2" device may yield 
higher photocurrent, but this argument can not be supported by higher 
photocurrent of the "5x3" device . Metallic tunneling enhanced photosensitivity ( as 
mentioned earlier will be discussed in the next section), may explain this 
phenomenon . Narrow spacing of the "3x2" device has resulted in the most 
unsuccesful metal lifting process of the lot where the gap area was left with Al 
protrusions and wreckage . This unexpected result was reported in the fabrication 
section (section 3.4.) due to deposition interruption . 
Moreover, the "4x3" device may have a higher density of traps which behave as 
recombination centers . These centers promote recombination of the photocarriers 
and reduce the collection efficiency . Higher trap density is demonstrated by the 
severe hysteretic curve as shown in figure 4.3. . However, all of the IMSM 
photocurrents have similar characteristics, where the photocurrent increases with 
the bias voltage . With increasing bias voltage the depletion region field become 
higher, so that the collection of photocarriers becomes more effective . The 
illumination is white light (non-monochromatic) • Therefore, the photon 
penetration length of this broad spectrum light encompasses locations from very 
near to the surface to several µm below the surface . Hence, collection efficiency is 
predicted to commence earlier when punc*hthrough begins and the photocurrent 
will increase steadily or linearly with the bias voltage . 
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(a) 
(b) 
Figure 4.2. 1-V characteristics of "3x2" IMSM (a) .with illumination and (b) 
without illumination . 
• 
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(a) 
(b) 
Figure 4.3. 1-V characteristics of "4x3" IMSM ( a) with illumination and (b) 
without illumination . 
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(a) 
(b) 
Figure 4.4. 1-V characteristics of "5x3" IMSM ( a) with illumination a11d (b) 
without illumination . 
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Figure. 4.5. Photocurrent vs voltage bias wit"h exponential best fitting line to the 
observed IMSM devices (" 3x2", ''4x3" and "5x3" devices) . 
However, the photocurrent of all the measured IMSM characteristics shows a 
rapid increase above 10 V bias voltage . These phenomena lead to the conclusion 
t"hat two mechanisms that have heel). considered in the introduction and theory 
sections are succesively combined to effect photocarrier collection . These combined 
• 
mechanisms are applied to the characteristics of the lMSMs in the following way : 
( a) higher voltage bias pushes the depletion region to sweep not only a lateral 
distance from the cathode (which is in punch through, several volts will deplete 
the entire gap area near the surface) but also some distance from the surface . 
As many or maybe the majority of photons are absorbed in a region witl1in 
some µm distance from the surface, the effect of pushing the depletion region 
coverage down to several µm distance from the surface is that more and more 
photons can be efficiently collected . This effect is described in the theory 
section as two-dimensional effect . 
(b) A succesive mechanism then occurs at higher voltage bias, when the higher 
electric field can accelerate and collect more electrons excited by photons to the 
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anode . Several workers [8,9] have theorized and proved that at high voltage 
bias, photoelectrons can accumulate in a conduction band hollow near the 
anode . These accumulated electrons reduces the hole barrier at the anode, so 
that a modulation and enhancement effect of hole injection over the hole barrier 
at the anode was observed as a rapid increase of the photocurrent . This is also 
known as internal gain which is observed in some IMSM photodetectors . 
Similarly as a rapid increase of our IMSM characteristics was observed, this 
might be attributed to this second mechanism, since at a bias voltage of 10 V, 
the depletion region of the semi-insulating GaAs may already "absorb" all of 
the penetrating photons . 
These two mechanisms can be verified further if quantum efficiency measurements 
with monochromatic light (laser) and time response measurements as well as 
bandwith measurements are conducted . Quantum efficiency measurements can 
,. reveal the internal gain and the two-dimensional effect . The pulse time response of 
the IMSM can give support to understanding of two dimensional effects since an 
incomplete sweep of the penetrating photons will show contributions of slow 
photocarrier diffusion as well as lower peak response . Hole barrier modulation is 
shown by the time response of IMSMs as a longer pulse response tail . Bandwidth 
measurements can also reveal internal gain at low frequencies as demonstrated by 
some other workers [7] . 
4.3. Metalic tunneling and injection enhanced current and breakdown characteristics . 
Anomalous characteristics were oberved on most of the IMSM photodetectors . These 
are produced unil).tentionally by deposition problems as mentioned earlier . The 
C\ 
current characteristics show high photosensitivity after a sudden current increase 
commencing a breakdown effect . Dark current and illuminated characteristics of a 
"3x3" IMSM photodetector exhibiting this behavior are presented in figure 4.6. (a) 
and (b) respectively . These characteristics were obtained at 8 V, a bias at which the 
breakdown was about to occur . After the bias was increased a little higher than 8 V, 
the current of the IMSM was increasing dramatically . This observed breakdown 
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(b) 
Figure 4.6. I-V cl1aracte1·istics of "3x3" IMSM exhibiting metallic current e11hanced 
behavior (a) under illumination and (b) without illumination . 
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Figure 4.7. Breakdo,vn characteristic of "3x3" IMSM at voltage slightly larger tl1an 
8 V due to tunnelling: tl1rough metal islands and electrode proxi111i ty . 
characteristics is shown in the photograph in figure 4. 7 ... Breakdown effect is not 
caused by carrier avalancl1es, but it is caused by tunnelling mechanism will be 
explai11ed in tl1e next paragrapl1s • This enhanced current characteristics was also 
observed by tl1e other \VOTkers [1·8,19] . In addition to pl1otocurrent enhancement, 
they also observed soft breakdown of illuminated and dark curre·nt characteristics . 
To obta.in that photocurrent enhancement, those workers evaporated 10-15 A 
gold islands ·on the bare gap area . They p-roposed that the photocurre11t and dark 
current, enhance1nents were caused by metallic islands that sl1ifted the valence band 
toward the Fermi level, so that more I1oles could be easily injected over the 1nodified 
barrier . An energy band diagram of this metal-semiconductor-metal system is shown 
in figure 4.8. to help to explain current enhancement . Tl1is energy band diagram 
includes other possibl~ transport mechanisms such as the tunnelling mechanism . 
1 
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ANODE 
Figure 4.8. Energy band diagram of metallic islands in the ·spacing a
rea and the 
possible carrier transport mecha11ism· . (1) electro:n emission over electron 
barrier at tl1e cathode, (2) hole emission over hole barriers at tl1e anode
, 
(3) l10Ie • • e1n1ss1on ov-er hole barriers of tl1e 1netallic islands ' 
( 4) electron • • over the electron barriers of the 1netallic, em1ss1011 
(5) electron tu11neling tl1rough the forbidden gap a
nd 
(ff) electron tu11nelling through air gap . 
From all of these t_ransport mechanisms, hole emission over lowered hol
e barriers at 
the metal islands (3), and electron tunnelling tl1rough the for1<idden 
gap (5) are 
, 
possible mecl1anisms to enhance the fundamental current and photocurre
nt transport 
of Il\1SlVIs (mechanism (1) and (2)) . Since tl1e work function of Al is relatively much 
higher than the kinetic energy of tl1e electrons, electro11 tunnelling throu
gh the air (6) 
is· negligible . Tunnelling through the forbidden gap is likely to happen, i
f the spacing · 
between islands becomes very small . Tl1is tunnelling mecl1anism is v
ery likely to 
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occur on most of our IMSMs, since sudden high breakdown current is exhibited (in 
figure 4. 7 ., curren.t increases from 2 µA to 20 mA under illumination) . This process is 
reversible since the current collapses to the order of µA a.t voltage slightly less than· 
8 V . Otl1er possible tunnelling. locationis at the metal edges of the electrodes, since 
there are some cathode and anode metal proximities on most IMSMs . This 
breakdown is known as metal edge leakage current [25] . At high ·voltage bias, the 
depletion layer near the metal edge is very thin . 11 Since tl1e anode and cathode 
protrusions are very close, after depletion layer puncht.hrough, electrons can tunnel 
througl1 the space charge layer from the cathode to the anode . The schematic of t4is 
tunnelling mechanism is drawn in figure 4.9 .. 
e 
Figure 4.9. Tunnelli11g breakdow11 tl1rough tl1e p·uncl1througl1 space cha.rge layer 
due to proxi1nity of cathode and anode protrusions . 
Visually, most of tl1e Il\!IS1\!Is characterized have metal electr9_des in proximity, 
closer tl1an the designed gap dimension especially for the "2x3" devices . All of the 
"2x3" de.vices have this type of breakdown or even furtl1er exl1ibit a short circuit 
"· 
condit-io.i1 . By visual inspection, most of the larger gap devices seem perfect \vithout 
, 
any short circuited electrodes or electrodes in proximity . But most of these large-r 
devices exhibit the breakdown effect or current enhancement . So that it leads to the 
conclusio11 that metallic island enhanced tunneling mechanism works on larger device 
and either electrode edge tunnelling or metallic island tun11eling plagues all of the 
narrower devices. 
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V. 
CONCLUSION AND SUMMARY FOR FURTHER IMPROVEMENTS 
The I-V characterization of GaAs IMSMs has shown agreement of the 
observed I-V characteristics with theory and some phenomena observed by the 
other workers [11, 12, 14, 18, 19] . Changes of I-V characteristic slope at voltages 
less than 10 V are considered in the theory as the commencement of hole emission 
over the hole barrier when the Schottky barriers start punchthrough . By increasing 
the voltage bias, hole emission surpasses the low bias electron emission due to the 
relatively low hole barrier height of Al-SI GaAs junctions . The relatively high dark 
current of the IMSMs compared to similar SI-GaAs IMSMs [26] may be caused by 
a high density of surface states which are supported by hysteretic and sawtooth 
curves disclosing a trap filling mechanism . High dark current and photocurrent 
may be enhanced by spreading of metallic impurities in the gap area due to 
immersion of metal tweezer during the etching process and proximity between the 
anode and cathode due to Al evaporation interruption . These metal imperfections 
a 
and contamination may also result in low voltage breakdown phenomena on most 
of the devices for voltage bias approaching 8 V . 
The rapid increase of the photocurrent with voltage bias increase after the 
punchthrough condition is reached shows a two dimensional effect which is a 
consequence of the deep penetration length of photons into the GaAs . This is 
shown at voltage higher than the punchthrough voltage, which proves that most of 
photons are absorbed in regions distant from the surface . 
A more rapid increase of photocurrent at higher voltage bias demonstrates other 
typical characteristics of MSM photodetectors that are the modulation of hole 
barrier height at the anode to a lower height which enhances hole injection from 
the anode . This phenomenon is supposed to result from the accumulation of 
electrons in the conduction band hollow at the anode junction . This is known as 
internal gain which has been found on most IMSM photodetectors . These two 
phenomena can be further verified by monochromatic light measurement with a 
reference photodiode and by time response characterization . Higher sensitivity and 
faster time response as well as higher peak current of the pulse response indicate 
two dimensional effects . High sensitivity and quantum efficiency would reveal 
internal gain after reconsidering reflection of the surface and the shadowing effect of 
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the Al fingers . 
Sensitivity, quantum efficiency and time response characterization require a 
more intensive measurement set-up than is presently available such as laser diode 
instrumentation, or an optical and high speed pulse set-up . 
Relatively high photocurrent compared to the dark current ( e.g. 15 µA to 6 µA) 
with moderate and broad spectrum illumination of the microscope lamp roughly 
demonstrates a high sensitivity photodetection capability of the IMSMs . Time 
response of these IMSMs, if the measurement could possibly be conducted, may not 
be comparable to similar IMSMs of the other workers [10, 11, 12, 14] due to severe 
trapping effects of the SI-GaAs as well as to the unoptimized processing conditions. 
However, fabrication of IMSM photodetector has been accomplished thereby 
proving the feasibility of fabricating micron dimension microwave and 
optoelectronics devices using the conventional reworked · equipment in the 
Microwave Device laboratory . The success in realizing very fine fingers down to 
2 µm of the IMSM photodetectors brings the capability of the laboratory up to 
that required for fabricating MESFETs and MIMICs as well as other microwave 
devices such as planar Gunn diodes, MSM impact ionization diodes, optically 
controlled microwave switches and others . But some steps should be taken to 
improve the fabrication of GaAs photodetectors and for improvements to the 
capability for multiple mask level fabrication of microwave devices mentioned 
above. 
Summary of optimization steps to fabricate a good GaAs IMSM photodetector : 
1. Replace the final filter of the DI water system to obtain sufficient flow of water 
for rinsing . 
2. Try to fabricate using several different procedures, such as the procedure with 
post development etching, without post development etching, with forced air 
drying and with isopropanol drying . 
3. Use non-metal anti acid tweezers such as PTFE tweezers for etching . 
4. Use low doped GaAs substrate ( n = 1014- 1015 /cm 3 ) to alleviate trapping 
effect . 
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Summary of improvement steps for fabricating multiple mask level devices : 
1. Replace the pressure switch of the mask aligner and carefully recheck the chuck 
piston due to improper separation/ contact timing and sluggish piston 
movement. 
2. Tune the UV lamp exposure of the mask exposure to obtain intensity 
uniformity . 
3. Repair the spinner shaft to improve coating uniformity . 
4. Equip the bake oven with clean forced air or possibly N 2 , or with a clean dry 
vacuum pump for efficient evacuation of the resist solvent during 
the baking process . 
• 
5. Use N 2 or at least filtered air instead of air directly from compressor to move 
wafer chuck of the mask aligner in order to maintain smoothness stainless steel 
surface of the wafer chuck piston of the mask aligner and to avoid 
that surface from corrosion . 
6. Use N2 purging by-product gases released by photoresist during 
the exposure and for drying the substrate at the end of wet processes .. 
7. Replace the compressed air outlet in the large room with multiple distribution 
nozzles for convenience and maintainance of a permanent pressurized air facility 
for evaporators, mask aligner and prober . 
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I APPENDIX A I 
Continuity equation ( equation 2.13) for holes in the neutral region x1 < x < x2 is 
82p _ p - Pno _ O 
8x2 DpTp - (2.13) 
Solution of this equation is z z 
Lp - Lp 
P - Pno = A e + B e (Al) 
where L p = diffusion length of hole = ~ D pr p 
Boundary conditions at- : x - x 1, p = Pno . exp (-/3V1) ( A2) 
J D 8p = A*p T2 e-{3 (¢p+ Vo) .(e/3V2 -1) P2 = - q p 8x (A3) 
x=x2 
Put equation (A2) into (A.l) form 
X1 X1 
Pno-(e-/3V1 -1)= AeLp +Be-Lp (A4) 
X1 
Multiply right and left term with e- Lp and state equation in A, give 
Xt 2X1 
-{3V 1 - L p - L p A = Pno . ( e - 1 ) . e - B .e (A5) 
Taking the gradient of hole density at x=x2 which utilizes equatiion (A3) yield, 
Ai, T2 e-/3 (¢,p+ Vo) .(e/3V2 - 1) 
q Dp (A6) 
X2 
Similar procedure to get (A5) but multiply (A6) with Lp.e- Lp and restate in A 
2x2 
- L 
A = B.e P -
Ai, T2 e-/3 (¢,p+ Vo) 
q Dp 
Cancel A by plugging equation (A7) into (A5) get 
Xt 
-/3V1 - Lp 
Pno(e - 1 ) e + 
Ai, T2 e-/3 (¢,p+ Vo) (e/3V2 - 1) 
q Dp 
• IX 
(A7) 
2x1 2x2 
- Lp - - Lp 
= B (e + e ) 
...... (AS) 
u 
,I 
Rewrite in B 
X1 
. -/3V1 - Lp 
Pno(e - 1 ) e + 
B -
Ai, T2 e-/3 (,Pp+ Vo) (e/JV2 - 1),Lp,e- r; 
q Dp 
2x1 2x2 
- L - L (e P+e P) 
.... (A9) 
Hole current density equation can be found by accomplishing hole diffusion at 
x=x1 that is , 
- q Dp . 
• 
Using A term in ( A3) yield 
X1 
J D ( -PV i .1· ) - Lp B pl = q p - Pno • e - . e - .e 
I 
D - Pno • 
- q P· 
X1 
-/3V1 · - L ( e - 1 ) + 2B .e P 
Lp Lp 
Plug B of equation (A9) in (All) obtain 
.. -f3V1 
- Pno • ( e - 1 ) J pt = q Dp, Lp + 
2x1 
. -PV1 - Lp 
2.Pno{ e · - 1 ) e 
2x1 2x2 
- L - L 
Lp (e P + e P) 
+ 
X 
,· 
(AlO) 
(All) 
(A12) 
Organize the above equation, encounter following form 
Jpl = 
+ (A13) 
(x2-X1) (x2-X1) 
(e Lp - e Lp )_ 
- tanh rcxr;1 ) J wh.ere (x2-X1) (x2-X1) -
(e Lp +e Lp ) 
and e 1 
1 
-
2 cosh 
Therefore the final form of lD approximation hole . current density 
of MSM at low bias voltage (V < V pt) is 
(x2-X1)l . . 
q Dp.tanh Lp J -/3Vi 
J pl= -----L--=-----=. Pno ( 1 - e ) 
p 
·+ ( equation 2.16) .... ( q.e.d) 
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I APPENDIX B I 
~000 rpm 60 ° I 
center . 
PRG 013 "1=149.16 p=23.96 005 
NS=3.858 KS=0.018 </}=60.00 A=6328 
NL=l.647 F TL=263 C ORDL=2258 
TL ORDERS 
263 2521 4780 7038 9297 
11555 13814 16072 18331 20589 
~000 rpm 60 ° I 
center . 
PRG 013 "1=221.20 p=24.88 001 
NS=3.858 KS=0.018 </}=60.00 A=6328 
NL=l.646 F TL=1898 C ORDL=2260 
TL ORDERS 
1898 4158 6419 8679 10939 
13200 15460 17721 19981 22241 
top . 
PRG 013 "'1=221.08 p=25.04 001 
NS=3.858 KS=0.018 </}=60.00 A=6328 
NL=l.646 F TL=1898 C ORDL=2260 
TL ORDERS 
1898 4158 6419 8679 10939 
13200 15460 17721 19981 22241 
bottom . 
PRG 013 "'1=213.76 p=23.56 001 
NS=3.858 KS=0.018 ¢,=60.00 A=6328 
NL=l.646 F TL=1970 C ORDL=2260 
TL ORDERS 
1970 4230 6490 8751 11011 
13271 15532 17792 20053 22313 
right . 
PRG 013 "1=222.60 p=25.12 001 
NS=3.858 KS=0.018 ¢,=60.00 A=6328 
NL=l.646 F TL=1884 C ORDL=2260 
TL ORDERS 
1884 4144 6405 8665 10926 
13186 15446 17707 19967 22227 
left . 
PRG 013 "1=212.12 p=24.32 001 
NS=3.858 KS=0.018 ¢,=60.00 A=6328 
NL=l.646 F TL=1980 C ORDL= 2260 
TL ORDERS 
1980 4241 6501 8762 11022 
13282 15543 17803 20064 22324 
xii 
Fooo rpm 10 ° I 
PRG 010 "'1=273.96 p=24.08 001 
NS=3.858 KS=0.018 </)=70.00 A=6328 
NL=l.660 C TL=1817 C ORDL=2312 
TL ORDERS 
1817 4130 6442 8755 11067 
13397 15692 18004 20316 22629 
~000 rpm 70° 
PRG 010 "1=295.12 p=41.68 001 
NS=3.858 KS=0.018 </)=70.00 A=6328 
NL=l.641 TL=1473 C ORDL=2353 
TL ORDERS 
1473 3825 6178 8531 10884 
13236 15589 17942 20295 22647 
PRG 010 "1=299.44 p=47.68 001 
NS=3.858 KS=0.018 ¢=70.00 A=6328 
NL=l.644 C TL=1395 C ORDL=2345 
TL ORDERS 
1395 3740 6085 8430 10775 
13120 15465 17811 20156 22501 
PRG 010 "1=298.52 p=47.84 001 
NS=3.858 KS=0.018 ¢=70.00 A=6328 
NL=l.635 C TL=1408 C ORDL=2365 
TL ORDERS 
1408 3773 6138 8503 10868 
13232 15597 17962 20327 22692 
PRG 010 "1=293.92 p=41.00 001 
NS=3.858 KS=0.018 ¢=70.00 A=6328 
NL=l.631 C TL=1499 C ORDL=2374 
TL ORDERS 
1499 3872 6246 8620 10994 
13367 15741 18115 20489 22862 
PRG 010 "1=293.08 p=39.40 001 
NS=3.858 KS=0.018 ¢=70.00 A=6328 
NL=l.633 C TL=1519 C ORDL=2369 
TL ORDERS 
1519 3887 6256 8624 10993 
13362 15730 18099 20467 22836 
"'· 
-
/ l 
~000 rpm 60° I 
center . 
PRG 013 .d=259.76 p=37.96 001 
NS=3.858 KS=0.018 ¢,=60.00 A=6328 
NL=l.646 F TL=1446 C ORDL=2260 
TL ORDERS 
1446 3707 5967 8227 10488 
12748 15009 17269 19529 21790 
top . 
PRG 013 .d=213.12 p=24.12 001 
NS=3.858 KS=0.018 ¢,=60.00 A=6328 
NL=l.646 F TL=1973 C ORDL=2260 
TL ORDERS 
1973 4233 6493 8754 11014 
13275 15535 17795 20056 22316 
bottom . 
PRG 013 .d=259.80 p=39.44 002 
NS=3.858 KS=0.018 ¢,=60.00 A=6328 
NL=l.646 F TL=1428 C ORDL=2260 
TL ORDERS 
1428 3688 5949 8209 104 70 
12730 14990 17251 19511 21772 
right . 
PRG 013 .d=237 .12 p=27 .12 001 
NS=3.859 KS=0.018 ¢=60.00 A=6328 
NL=l.646 F TL=1739 C ORDL=2260 
TL ORDERS 
1739 4000 6260 8520 10781 
13041 15302 17562 19822 22083 
left . 
PRG 013 ~=262.76 p=40.96 001 
NS=3.858 KS=0.018 ¢=60.00 A=6328 
NL=l.646 F TL=1405 C ORDL=2260 
TL ORDERS 
1405 3665 5926 8186 10446 
12707 14967 17228 19488 21748 
.. 
... 
XIII 
pooo rpm 10 ° J 
PRG 010 .d=062.88 p=43.96 001 
NS=3.858 KS=0.018 ¢=70.00 A=6328 
NL=l.646 C TL=904 C ORDL=2343 
TL ORDERS 
904 3247 5590 7933 10276 
12619 14961 17304 19647 21990 
PRG 011 ~=315.36 p=59.08 001 
NS=3.858 KS=0.018 </>=70.00 A=6328 
NL=l.646 F TL=1284 C ORDL=2341 
TL ORDERS 
1284 3625 5966 8307 10649 
12990 15331 17673 20014 22355 
PRG 011 .d=065.84 p=40.72 001 
NS=3.85.8 KS=0.018 ¢=70.00 A=6328 
NL=l.646 F TL=859 C ORDL=234l 
TL ORDERS 
859 3200 5541 7883 10224 
12565 14906 17248 19589 21930 
" 
, 
vooo rpm 60 ° I 
center . 
PRG 013 "'1=120.28 p=27.88 001 
NS=3.858 KS=0.018 </>=60.00 A=6328 
NL=l.646 F TL=547 C ORDL=2260 
TL ORDERS 
547 2808 5068 7328 · 9589 
11849 14110 16370 18630 20891 
top . 
PRG 013 "'1=126.40 p=26.68 001 
NS=3858 KS=0.018 ¢=60.00 A=6328 
NL=l.646 F TL=482 C ORDL=2260 
TL ORDERS 
482 2742 5002 7263 9523 
11784 14044 16304 18565 20825 
bottom . 
PRG 013 "'1=136.00 p=25.32 001 
NS=l.646 KS=0.018 ¢=60.00 A=6328 
NL=l.646 F TL=392 C ORDL=2260 
TL ORDERS 
392 2652 4912 7173 9433 
11694 13954 16214 18475 20735 
right . 
PRG 013 
NS=3.858 
.d=l26.12 p=26.72 001. 
KS=0.018 ¢=60.00 A=6328 
NL=l.646 F TL=485 C ORDL=2260 
TL ORSERS 
485 27 45 5005 7266 9526 
11571 13514 15456 17399 19341 
left . 
PRG 013 .d=l37.88 p=25.16 001 
NS=3.858 KS=0.018 ¢=60.00 A=6328 
NL=l.646 F TL=368 C ORDL=2260 
TL ORDERS 
368 2628 4889 7149 9409 
11670 13930 16191 18451 20711 
~ ,. 
,. 
. 
XIV 
• 
vooo rpm 70° f 
PRG 010 .d=l92.60 p=l0.40 001 
NS=3.858 KS=0.018 </J=70.00 .A=6328 
NL=2.783 C TL=1158 C ORDL=1208 
1158 2366 3574 4782 5990 
7197 8405 9613 10821 12029 
PRG 010 .d=205.16 p=l0.96 001 
NS=3.858 KS=0.018 ¢=70.00 .A=6328 
NL=l.936 C TL=1795 C ORDL=1871 
TL ORDERS 
1795 3665 5536 7406 9277 
11148 13018 14889 16759 18630 
PRG 010 .d=234.08 p=l3.68 001 
NS=3.858 KS=0.018 ¢=70.00 .A=6328 
NL=l.730 C TL=1989 C ORDL=2l78 
TL ORDERS 
1989 4167 6345 8523 10701 
12879 15057 17234 19412 21590 
PRG 010 .d=207.92 p=ll.12 001 
NS=3.858 KS=0.018 ¢=70.00 .A=6328 
NL=l.881 C TL=1858 C ORDL=l943 
TL ORDERS 
1858 3800 5743 7686 9628 
11787 13514 15456 17399 19341 
PRG 010 .d=237.64 p=l4.28 001 
NS=3.858 KS=0.018 ¢=70.00 .A=6328 
NL=l.697 C TL=2028 C ORDL=2238 
TL ORDERS 
2028 4266 6504 8742 10979 
13217 15455 17693 19930 22168 
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